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Objective: To investigate the changes of knee menisci in osteoarthritis (OA) in human.
Methods: OA and control menisci were obtained from 42 end-stage OA knees with medial involvement
and 28 non-arthritic knees of age-matched donors, respectively. The change of menisci in OA was
evaluated by histology, and gene expression of major matrix components and anabolic factors was
analyzed in the anterior horn segments by quantitative PCR (qPCR). In those regions of menisci, the rate
of collagen neo-synthesis was evaluated by [3H]proline incorporation, and the change of matrix was
investigated by ultrastructural observation and biomechanical measurement.
Results: In OA menisci, the change in histology was rather moderate in the anterior horn segments.
However, despite the modest change in histology, the expression of type I, II, III procollagens was
dramatically increased in those regions. The expression of insulin-like growth factor 1 (IGF-1) was
markedly enhanced in OA menisci, which was considered to be responsible, at least partly, for the
increase in procollagen gene expression. Interestingly, in spite of marked increase in procollagen gene
expression, incorporation of [3H]proline increased only modestly in OA menisci, and impaired collagen
synthesis was suggested. This ﬁnding was consistent with the results of ultrastructural observation and
biomechanical measurement, which indicated that the change of meniscal matrix was modest in the
macroscopically preserved areas of OA menisci.
Conclusion: Although the expression of major matrix components was markedly enhanced, matrix
synthesis was enhanced only modestly, and the changes of matrix in human OA menisci were rather
modest in the non-degenerated areas.
 2010 Osteoarthritis Research Society International. Published by Elsevier Ltd. All rights reserved.Introduction
With the increasing human life expectancy, osteoarthritis (OA)
has now become a leading cause of disability among older adults1. A
knee joint is one of the most susceptible joints to OA, and OA of the
knees accounts for a large part of the OA-related disability. In OA
knees, almost all joint structures are affected by the disease. Knee
menisci are also known to undergo an obvious change in OA2.
Menisci are C-shaped ﬁbrocartilaginous structures that are




s Research Society International. Ptype III collagens and proteoglycans3e11. Located between the
femoral condyles and tibial plateau, menisci play important roles in
load transmission, shock absorption, and maintenance of joint
stability12. With the progression of OA, menisci undergo degener-
ative changes such as wearing and laceration2. Subluxation of
menisci also occurs13. Reﬂecting their functional importance, the
changes in menisci are closely associated with the initiation and
progression of OA14,15. Although often studied in animal models,
human OA menisci have seldom been the subject of investigation,
and it is still not known well how menisci change in OA.
A meniscus is not a homogeneous tissue. Regional differences in
tissue composition and cell metabolism have been observed
between the inner and outer areas, and structural differences have
been noticed between the surface and central regions4,8e11,16e19.
Therefore, the evaluation of meniscus pathology would be more
reasonably performed if such regional differences were considered.ublished by Elsevier Ltd. All rights reserved.
Y. Katsuragawa et al. / Osteoarthritis and Cartilage 18 (2010) 1133e11431134In this study, human menisci from OA and control knees were
investigated by histological and molecular biological analyses,
paying special attention to the regional differences within menisci.
The rate of collagen neosynthesis was determined, and the change
of meniscal matrix was evaluated by ultrastructural analysis and
biomechanical measurement. The results of these analyses revealed
the unique nature of the changes in human OA menisci, which are
considerably different from those reported in animal studies.
Materials and methods
Material collection
This study was performedwith the approval of the Human Ethics
Review Committees of the participating institutions, and informed
consent was obtained in writing from each subject or family of the
donorbeforematerial collection.OAmenisciwereobtained inpairsof
lateral and medial menisci from 42 OA knee joints of 40 patients
within4 hafteraprosthetic surgery. ThediagnosisofOAwasbasedon
the criteria of theAmericanCollege of Rheumatology forOA20, and all
knee joints were medially involved in the disease. Control menisci
were obtained from 28 non-arthritic knee joints of 22 donors
(obtained bilaterally in six donors; ages 73e92 with a mean of 84)
within 24 h after death. The donorswere chosen from thosewho did
not have a past record of treatment for joint disease or trauma, and
the normality of the joint was conﬁrmedmacroscopically at the time
of sample harvest. Prior to the analyses, all OA and control menisci
were photographed and theirmacroscopic appearancewas recorded.
Control menisci were inspected closely, and were not used for the
study if they showed overt signs ofmacroscopic degeneration. In this
study, evaluations were performed on the anterior horn segments of
menisci unless speciﬁed otherwise. This was because that those
segmentswerewell preserved inOAmenisci, whichmade it possible
to compare the changes in OA menisci directly in a site-to-site
mannerwith those in the controlmenisci. Posteriorhorn segments of
menisci were also often preserved in OA knees, but those segments
were not used for the analyses. In this work, the OA and control
menisci were randomly assigned to respective analyses. Some
menisci were used for two or more evaluations.
Histological evaluation
Ten pairs of OA menisci and eight pairs of control menisci were
used for this evaluation. The evaluationwas performed primarily on
the anterior horn segments of menisci, but for OA medial menisci,
the body sections were also observed in order to know the changes
in degenerated regions. Meniscus tissues were ﬁxed in 4% para-
formaldehyde, and 4-mm-thick sections were prepared in a planeFig. 1. Gross appearance of control and OA menisci. Representative photographs of control (
region in the anterior horn segment used for molecular biological analysis. In B, arrowhea
menisci, respectively.perpendicular to the surface. The sections were stained with
hematoxylin and eosin or Masson’s trichrome stain, and observed
under a light microscope. For the immunodetection of insulin-like
growth factor (IGF)-1, the sections were pretreated with proteinase
K (DakoCytomation, Carpinteria, California) and then incubated
with a monoclonal antibody for human IGF-1 (Millipore, Billerica,
Massachusetts). The primary antibody was reacted with the
secondary antibody conjugated with streptavidine, which was
visualized with 3,30-diaminobenzidine (DAB), tetrahydrochloride
using a commercially available kit (ChemMate EnVision Detection,
DakoCytomation). The nuclei were stained with hematoxylin, and
the localization of staining was observed under a light microscope.
Gene expression analysis
Twelve pairs of OA and control menisci were used for the eval-
uation. For the analysis, meniscus tissues were obtained from the
anterior horn segmentswith awidth of approximately 5 mm(Fig.1).
Immediately after harvest, the tissue was divided into four regions
under a dissectionmicroscope (Fig. 2). Thedivided tissueswere each
embedded in OCT compound (Sakura Finetechnical, Tokyo, Japan),
snap frozen in liquid nitrogen, and stored at 80 C until use. RNA
was extracted from each of these regions by a previously described
method21. cDNA was synthesized using the Sensiscript reverse
transcriptase (Qiagen, Hilden, Germany)with a routine use of DNase
I (Qiagen). Gene-speciﬁc primers and probes were prepared
(Table I), and quantitative PCR (qPCR) was performed using either
SYBR Premix Ex Taq or Premix Ex Taq (both from Takara Bio, Shiga,
Japan) on a LightCycler (Roche Diagnostics, Basel, Switzerland).
The expression levels were normalized by the expression of
glyceraldehyde-3-phosphate dehydrogenase (GAPDH). For some
samples, b-actin (ACTB) expressionwas also used for normalization.
Evaluation of collagen neosynthesis
The rate of collagen biosynthesis was determined by quantifying
the amount of [3H]proline incorporation into meniscus explants.
Eight pairs of OAmenisci and six pairs of control menisci were used
for this analysis. The explants were prepared from the anterior horn
segments of those menisci. In each of these menisci, the anterior
horn segment was separated from the body segment, and the entire
part of that segment was cut into 1e2 mm cubes, or explants. Four
to six explants were placed in each of the 24-well tissue culture
plates, which were maintained in Dulbecco’s modiﬁed eagle
medium (DMEM) containing 10% fetal bovine serum (FBS) and
25 mg/ml ascorbic acid. Forty-eight hours later, themediawere then
replaced by those containing 0.1% FBS, 25 mg/ml ascorbic acid and
10 mCi/ml [3H]proline. After 8 h, the media were removed and theA) and OA menisci (B) are shown. In each meniscus, a pair of parallel lines indicates the
ds indicate degenerated area in medial meniscus. M and L indicate medial and lateral
Fig. 2. Separation of meniscus regions. Anterior horn segment of meniscus was
divided into inner (I), and outer halves, and the latter was further divided into upper
surface (U), middle (M), and lower surface (L) regions. Gene expression was evaluated
in those regions respectively. Cross-section of a meniscus is shown.
Y. Katsuragawa et al. / Osteoarthritis and Cartilage 18 (2010) 1133e1143 1135explants were rinsed three times with ice-cold phosphate-buffered
saline (PBS). The samples were stored at 20 C until use.
To determine the rate of [3H]proline incorporation, the explants
were minced and digested with proteinase K (2 mg/ml; Sigma,
St. Louis, Missouri) at 58 C for 48 h. After digestion, the samples
were centrifuged and radioactivity of the supernatant was
measured. The radioactivity was normalized by DNA content,
which was determined by Quant-iT PicoGreen dsDNA assay kit
(Invitrogen, Carlsbad, California).Transmission electron microscopy
Three pairs of OA menisci and three pairs of control menisci
were used for the evaluation. For the analysis, the tissues were
obtained as thin slices from the anterior horn segments, which
were immediately immersed in 2.5% glutalaldehyde in theTable I
Primer and probe sequences used for quantitative PCR
Gene Primer and probe sequence Tm
COL1A1 Forward: 50-AGCCTGGGGCAAGACAGTGATT-30 60
Reverse: 50-TTGCTTGTCTGTTTCCGGGTTG-30
COL1A2 Forward: 50-ATGAGGAGACTGGCAACCTGAAAAA-30 58
Reverse: 50-TCCAAAGGTGCAATATCAAGGAAGG-30
COL2A1 Forward: 50-GACATAGGAGGGCCCGAGCA-30 60
Reverse: 50-CGGCACCTGAAGGGAGGTCT-30
COL3A1 Forward: 50-TCGAACACGCAAGGCTGTGAG-30 60
Reverse: 50-TGTCGGTCACTTGCACTGGTTGA-30
ACAN Forward: 50-GCACGAGAAGGGCGAGTGGA-30 60
Reverse: 50-GCTCCTGGGCTCAGCGTCCT-30




PDGFA Forward: 50-TCATTTACGAGATTCCTCGG-30 58
Reverse: 50-TGCTCCTCTAACCTCACCTG-30
PDGFB Forward: 50-GGAAGAAGCCAATCTTTAAGAAG-30 58
Reverse: 50-CTTCAGTGCCGTCTTGTCAT-30
TGFB1 Forward: 50-ATGTTCTTCAACACATCAGAGC-30 58
Reverse: 50-GGTGACATCAAAAGATAACCAC-30
GAPDH Forward: 50-AAAACCTGCCAAATATGATGAC-30 58
Reverse: 50-CAGGAAATGAGCTTGACAAAGT-30
ACTB Forward: 50-ATTAAGGAGAAGCTGTGCTACGTC-30 58
Reverse: 50-ATGATGGAGTTGAAGGTAGTTTCG-30
COL1A1, collagen, type I, alpha 1; COL1A2, collagen, type I, alpha 2; COL2A1, collagen,
type II, alpha 1; COL3A1, collagen, type III, alpha 1; ACAN, aggrecan; IGF1, insulin-like
growth factor 1; PDGFA, platelet-derived growth factor alpha polypeptide; PDGFB,
platelet-derived growth factor beta polypeptide; TGFB1, transforming growth factor,
beta1; GAPDH, glyceraldehyde-3-phsophate dehydrogenase; ACTB, actin, beta.
* Hybridization probes were used for quantitative PCR. Flu: probe conjugated
with Fluorescein; LC: probe conjugated with LC640.cacodylate buffer. The samples were then treated with 1% OsO4 in
cacodylate buffer, dehydrated in graded concentration of ethanol,
and embedded in epon with careful attention to the orientation.
Sections were cut at 90 nm thickness and stained sequentially with
0.2% oolong tea extract (Nisshin EM, Tokyo, Japan), aqueous uranyl
acetate, and lead citrate. The sections were observed under a JOEL
JEM-2000 FX-II electron microscope (Nihon Denshi, Tokyo, Japan).
Quantitative image analysis of collagen ﬁbrils was performed
following a previously described method22 with some modiﬁca-
tions. In brief, three to ﬁve photomicrographs were taken on each
section at the magniﬁcation of 20,000, and on each photo, the
number and diameters of collagen ﬁbrils were determined using an
image analysis software (ImageJ version 1.42e; National Institute of
Health, Bethesda, Maryland). For each meniscus, mean ﬁbril
diameter, number of ﬁbrils per mm2, and percentage of the area
occupied by ﬁbrils were determined.
Biomechanical measurement
Six pairs of lateral andmedial OAmenisci and six pairs of control
menisci were used for this analysis. For measurement, two to four
cylindrical specimens, 4 mm in diameter, were harvested from the
anterior horn segment of each meniscus. Those specimens were
acquired along the periphery of the menisci, 1e2 mm inside from
the outer margin, in a side-by-side manner. The number of
obtained specimens varied among the menisci depending on the
size and the severity of degeneration (when present). The speci-
mens were prepared perpendicular to the tibial (lower) surface
using a core reamer. After the acquisition, the upper part of the
specimen was cut parallel to the tibial surface so that it would be
3 mm in height. Prior to the measurement, a wet weight of the
specimen was determined.
Uniaxial conﬁned compression test was performed according to
a previously describedmethod23. Each specimenwasplacedwith the
tibial surface facingdownintoa4.0 mmdiameter 30 mmdeepwell
in an acrylic chamber upon a porous ﬁlter. The chamber was then
immersed inphysiological saline in a reservoir, and themeasurement
was performed while the specimen was submerged in the saline.
Compression load was applied to the specimen by a compression
testing machine (Model SV-201NA, Imada Seisakusyo, Aichi, Japan).
For measurement, a 4.0-mm diameter stainless indenter was gently
inserted into the well in the acrylic chamber onto the specimen, and
a constant load of 2 g was applied initially for 15 min as preloading.
The load was then suddenly increased to 10 g, and the linear
displacement rate was measured at 12 time points between 1 and
5000 safter the increaseof the load. The applied loadwasmaintained
at 10 g throughout the measurement, which was monitored contin-
uously with a load cell (Model LC-050N, Imada Seisakusyo). Two
parameters, aggregate modulus (solid component stiffness) and
permeability (measure of ﬂuid ﬂow through the tissue), which
characterize the viscoelastic nature of the meniscus, were calculated
using a nonlinear least squares optimization algorithm incorporating
linear biphasic theory24. After biomechanical evaluation, the spec-
imenwas completely dried in avacuumdryer and the dryweightwas
determined. Water content of the specimen was deﬁned as the
percentage of the weight lost by drying relative to that of the wet
weight. Aggregate modulus, permeability, and water content were
compared between OA and control menisci.
Statistics
Statistical signiﬁcance of the data was evaluated using analysis
of variance (ANOVA), and Fischer’s Protected Least Signiﬁcant
Difference (PLSD) was used as a post-hoc test when necessary.
Two-tailed P-values less than 0.05 were considered signiﬁcant.
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Macroscopic observation
In controlmenisci, the anatomical shapewaswell preserved in all
samples [Fig. 1(A)]. They had smooth surfaces and did not show
macroscopic signs of degeneration except for the presence of slight
fraying of the inner margin of the medial meniscus of four samples.
For OAmenisci, macroscopic appearance differed obviously between
lateral and medial menisci. Since all OA menisci were obtained from
medially involved knees, medial menisci underwent overt degener-
ative changes, while lateral menisci preserved the anatomical shape
with fewsignsofmacroscopicdegeneration [Fig.1(B)]. The changesof
themedialmenisciweremost notable in the bodyandposteriorhorn
segments, where the matrix was lost or severely ﬁbrillated. Even in
suchmenisci, theanteriorhornsegmentwaspreservedwell, showing
few signs of matrix loss or degeneration.
Histological evaluation
The hematoxylin and eosin stained sections of the control lateral
menisci showed short, thick wedge-shaped sections with smooth
surfaces [Fig. 3(A) and (B)]. The inner area was ﬁlled with densely
packed ﬁbril bundles, and the cells were located sparsely
throughout the menisci. In OA lateral menisci, ﬁbril bundles tended
to be obscure in the upper and lower surface regions, but the
bundle structure was well preserved in the inner area away from
the surfaces [Fig. 3(C) and (D)]. The cell density was similar to that
in the controls.
Sections from control medial menisci showed a thinner, wedge-
shaped cross-section with smooth surfaces [Fig. 3(E) and (F)].
Within the menisci, ﬁbril bundles were densely packed and regu-
larly aligned, resembling that of control lateral menisci. Meniscus
cells were located sparsely, and the cell density was similar
throughout the section. In medial menisci, changes with OA were
more obvious than those in lateral menisci. Sections of OA medial
menisci tended to be thicker than the controls, and the ﬁbril
bundles were not clearly recognized in the surface regions [Fig. 3
(G) and (H)]. In those regions, cell clusters were occasionally
found. Structural change was also noticed in the inner areas, where
ﬁbril bundles were coarsely and unevenly distributed. Despite
these changes, again, the cell density in OA medial menisci was
similar to that of the controls.
Obvious wearing and fraying of ﬁbril bundles was seen in the
degenerated areas of OA medial menisci [Fig. 3(I) and (J)]. Even in
such severely degenerated regions, cell density did not differ much
from that of the controls, and cell clusters were found only
occasionally.
Evaluation of matrix gene expression
Next, the expression of mRNA for matrix molecules that
constitute menisci was evaluated. For this analysis, menisci were
divided into inner, upper surface, middle, and lower surface regions
(Fig. 2), and mRNA expression was determined in respective
regions.
Considering primary components of menisci3e11, expression of
ﬁve matrix genes (COL1A1, COL1A2, COL2A1, COL3A1 and ACAN) was
evaluated in this study. First, the expression of two genes encoding
type I procollagen (COL1A1 and COL1A2) was evaluated. In control
menisci, these genes were expressed at similar low levels in both
lateral and medial menisci [Fig. 4(A) and (B)]. In OA menisci, the
expression of these genes was dramatically increased in all four
regions. The increase was 9- to 52-fold depending on the regions.
While the expression of COL1A1 was equally enhanced in lateraland medial OA menisci [Fig. 4(A)], COL1A2 expression tended to be
more enhanced in medial OA menisci [Fig. 4(B)]. As a consequence,
in OA medial menisci, the expression ratios between COL1A2 and
COL1A1 were signiﬁcantly higher than those of the control medial
menisci [Fig. 4(C)].
The expression of type II procollagen (COL2A1) was also
enhanced in OA menisci in all four regions [Fig. 4(D)], although the
level of increase was lower than that for type I procollagen genes
(3- to 19-fold vs 9- to 52-fold).
Among the ﬁve genes evaluated, type III procollagen (COL3A1)
was the one whose expression was most enhanced in OA menisci
[Fig. 4(E)]. The increase reached as high as 400-fold. Similar to
COL1A2, the expression of COL3A1 tended to be more promoted in
medial OA menisci than in lateral OA menisci.
In contrast to COL3A1, the increase of aggrecan (ACAN) expres-
sion in OAmenisci was the least among the ﬁve genes, which never
exceeded 2-fold [Fig. 4(F)].
Because the increase of gene expression in OA menisci was so
dramatic, we repeated gene expression analysis of several samples
using ACTB as an internal control. The result of this analysis
conﬁrmed the validity of the above results based on GAPDH
expression (data not shown).
Expression of possible anabolic factors in OA menisci
In order to elucidate the mechanism(s) for enhanced matrix
gene expression in OA menisci, a preliminary experiment was
performed to investigate the expression of growth factor genes
which could enhance anabolic activity of meniscal ﬁbroblasts. We
compared the expression of IGF-1 (IGF1), platelet growth factor
(PDGF)-A (PDGFA), PDGF-B (PDGFB), and transforming growth
factor (TGF)-b1 (TGFB1) betweenOA and control menisci, and found
that the expression of IGF1, PDGFA and PDGFB was increased in OA
menisci, while that of TGFB1 was reduced [Fig. 5(A)e(D)]. Among
these three genes, the increase in expression was most obvious
with IGF1, which reached as high as 50-fold increase. The expres-
sion of IGF1 tended to be higher inmedial OAmenisci than in lateral
OA menisci, though this difference was not statistically signiﬁcant.
The expression of IGF-1 by OA meniscal cells was conﬁrmed at the
protein level by immunohistochemistry [Fig. 5(E) and (F)].
Evaluation of collagen neosynthesis
We next evaluated the rate of collagen neosynthesis in OA and
control menisci by incorporation of [3H]proline into meniscal
explants. Collagens are the primary components of menisci that
account for more than 75% of their dry weight25,26. Thus, the
amount of incorporated [3H]proline should represent the synthetic
activity of meniscal cells. In control menisci, incorporation rate of
[3H]proline was similar between lateral and medial menisci
(Table II). In OA menisci, the incorporationwas increased above the
control levels. However, the level of increase was rather low
compared with the marked increase of procollagen mRNA expres-
sion in OA menisci. Because of the limited level of increase and
a large variation among the samples, the increase of proline
incorporation in OA menisci did not reach the level of signiﬁcance
in either lateral or medial OA menisci.
Ultrastructural evaluation
In order to study the change of meniscal matrix in depth,
collagen ﬁbril ultrastructure was evaluated by transmission elec-
tron microscopy. This observation was performed on the meniscal
tissues obtained from the middle regions of the anterior horn
segments (Fig. 2).
Fig. 3. Histology of OA and control menisci. Photomicrographs of sections from the anterior horn segments of control (A and B) and OA lateral menisci (C and D), and control (E and
F) and OA medial menisci (G and H) are shown together with those from a degenerated area in the body segment of OA medial meniscus (I and J). In G, solid arrow indicates a cell
cluster. Hematoxylin and eosin and Masson’s trichrome stained sections are shown in left and right columns, respectively. Bar indicates 0.2 mm.
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regions were aligned in a circular orientation, and cross-sections
of collagen ﬁbrils were observed on the sections prepared
perpendicular to the meniscus surfaces. Electron microscopy ofcontrol lateral menisci revealed that collagen ﬁbrils of various
diameters were densely packed in the matrix [Fig. 6(A)]. In OA
lateral menisci, the change of collagen ﬁbrils was rather modest,
though ﬁbrils of thinner diameters could have increased in
Fig. 4. Expression of matrix genes in OA and control menisci. Anterior horn segment of a meniscus was divided into four regions, and expression of matrix genes was evaluated in
respective regions. Expression of type I (A and B), type II (D), type III (E) procollagen genes and aggrecan (F) is shown together with the expression ratio between two type I
procollagen genes (C). In A, B, and DeF, results are shown by ratios against GAPDH expression. I, U, M, and L under bars indicate inner, upper surface, middle, and lower surface
regions, respectively. Lateral and Medial indicate lateral and medial menisci, respectively. Results are shown by meanþ 95% conﬁdence interval. a, b, c, d and e indicate P values of
<0.0001, 0.0092, 0.0021, 0.0086 and 0.0456, respectively, against corresponding region in control menisci.
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medial menisci. Electron microscopy of the control medial
menisci showed densely packed collagen ﬁbrils with various
diameters [Fig. 6(C)]. Although they resembled those of control
lateral menisci, the ﬁbrils tended to be more densely aligned. In
OA medial menisci, the number of thinner ﬁbrils increased
obviously, and the ﬁbrils were placed more sparsely [Fig. 6(D)].
The result of quantitative image analysis revealed that in OA
medial menisci, the mean ﬁbril diameter and percentage of the
area occupied by ﬁbrils were both signiﬁcantly reduced, and the
number of ﬁbrils per area was signiﬁcantly increased [Fig. 6(E)e
(G)]. In lateral menisci, none of these parameters changed
signiﬁcantly by OA.
Biomechanical evaluation
Finally, the change in mechanical properties of meniscal matrix
was evaluated by conﬁned compression testing. Comparison of
creep curves indicated that the mechanical properties could have
changed by OA in medial menisci, while such changes might not be
obvious in lateral menisci [Fig. 7(A)]. This was delineated by thechanges in biomechanical parameters. Aggregate modulus of OA
medial menisci was 40% lower than that of control medial menisci,
whereas it differed little in lateral menisci [Fig. 7(B)]. In medial
menisci, permeability changed more obviously. The permeability of
OA medial menisci was more than 4-fold greater than that of the
control medial menisci, while it changed little in lateral menisci
[Fig. 7(C)]. Compared with these two parameters, the change of
water content was modest. Although it tended to be higher in OA
medial menisci, the increase was below the level of signiﬁcance,
and no signiﬁcant change in this parameter was found between any
two menisci [Fig. 7(D)].
Discussion
In this study, all OA menisci were obtained from OA knees with
medial involvement, and the medial menisci were severely
degenerated in the body segments. However, even in thosemenisci,
the anterior horn segments were preserved well. This is why we
performed most evaluations on the anterior horn segments, which
made it possible to compare OA and control menisci in a site-to-site
manner.
Fig. 5. Expression of possible anabolic factors in OA and control menisci. (AeD) Expression of IGF1 (A), PDGFA (B), PDGFB (C) and TGFB1 (D) in respective regions of OA and control
menisci. Results are shown in the manner described for Fig. 4. a, b and c indicate P values of <0.0001, 0.0106 and 0.0028, respectively, against corresponding region in control
menisci. (E and F) Immunohistochemistry for IGF-1. Photomicrographs of the sections from the middle regions of control (E) and OA menisci (F) are shown. Nuclei were stained with
hematoxylin. Bar indicates 10 mm.
Y. Katsuragawa et al. / Osteoarthritis and Cartilage 18 (2010) 1133e1143 1139Consistent with the macroscopic appearance, the change in
histology was moderate in the anterior horn segments of OA
menisci. However, despite this limited change in histology, mRNA
expression of major matrix components was markedly enhanced
there. Among the ﬁve genes investigated, the increase in expression
was most obvious with type I and type III procollagen, followed by
type II procollagen, and least with aggrecan. This change in matrix
gene expression could be the result of a reparative response that
occurred within OA menisci. During the healing of ﬁbrous tissuesTable II
[3H]proline incorporation into meniscal explants
Meniscus Scintillation count (cpm/mg DNA) (95% conﬁdence interval)
Control Lateral 3213 (0, 6963)
Medial 3813 (1919, 5707)
OA Lateral 7004 (0, 16,402)
Medial 8345 (0, 20,875)such as a ligament, tendon or skin, ﬁbroblasts express type I and
type III procollagens abundantly with the preponderance of type III
procollagen28,29. We assume that this same mechanism could be
involved in the enhancement of matrix gene expression in OA
menisci. The result that the expression of type III procollagen ten-
ded to be more enhanced in the medial OA menisci than the lateral
ones might suggest that such a reparative response could be more
obvious in the medial compartment. This understanding seems
reasonable since all OA knees studied here were medially involved
in the disease.
The result of qPCR analysis also revealed that the expression of
IGF-1 was increased in OA menisci. Since IGF-1 has potent anabolic
actions on meniscal cells30e32, we consider that the increase in
IGF-1 expression could be responsible for the enhanced matrix
gene expression in OA menisci. In contrast to IGF-1, the expression
of TGF-b1 was found to be reduced in OA menisci. This reduction in
TGF-b1 expression could have a signiﬁcant contribution to the de-
generation of meniscal matrix. Besides the anabolic actions, TGF-b1
Fig. 6. Result of transmission electron microscopy. (AeD) Cross-sectional images of collagen ﬁbrils. Electron microscopy was performed on tissues from the middle regions of
control (A) and OA lateral menisci (B), and control (C) and OA medial menisci (D). Bar indicates 500 nm. (EeG) Results of quantitative image analysis. Collagen ﬁbril diameter (E),
number of ﬁbrils per mm2 (F), and percentage of the area occupied by ﬁbrils (G) are shown. Lateral and Medial denote lateral and medial menisci, respectively. Results are shown by
meanþ 95% conﬁdence interval. a, b and c indicate P values of 0.0027, 0.0423 and 0.0128, respectively, against control medial menisci.
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ﬂammatory cytokines on meniscal cells33. In ﬁbroblasts and
chondrocytes, TGF-b1 is known to suppress the expression of
various proteinases that promote matrix degeneration, while
enhancing the expression of endogenous inhibitors for those
proteinases34e37. Therefore, the reduction of TGF-b1 expression
could make the menisci more susceptible for degeneration. We
assume that this might be one of the mechanisms for the loss of
meniscal matrix in OA.Interestingly, in human OAmenisci, the high level of procollagen
gene expressionwas not accompanied by a proportional increase in
protein synthesis. Compared with the dramatic increase in pro-
collagen gene expression, the increase of [3H]proline incorporation
was only modest. Although this seemed contradictory, the results
of histological, ultrastructural, and biomechanical evaluations
consistently indicated limited change of matrix in OA menisci. The
reason(s) for this discrepancy is currently not known. Collagen
synthesis is a complex process involving at least nine distinctive
Fig. 7. Result of biomechanical measurement. Creep curve (A), aggregate modulus (B) and permeability (C) of OA and control menisci are shown together with the water content
(D). In A, gray and black lines indicate the results of control and OA menisci, respectively, where circles and squares, either open or closed, denote those of lateral and medial
menisci, respectively. Results are shown by mean (A) or meanþ 95% conﬁdence interval (BeD). a and b indicate P values of 0.0096 and <0.0001, respectively, against control medial
menisci.
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Even after secretion, collagen molecules need to be properly pro-
cessed and cross-linked outside the cells, which require another set
of enzymes40e42. Considering these complexities, the synthetic
process may well be signiﬁcantly impaired at a certain step(s) in OA
menisci. Future studies will clarify at which step(s), in fact, the
process is impaired.
Although the change of menisci in OA has not been known
well in human, several researchers have investigated it in
animals. In an OA model in rabbits, cell density in the menisci
was either increased or decreased depending on the regions, and
cell clusters were frequently found in the degenerated areas5,27.
However, these changes were not apparent in human OA
menisci. Meanwhile, enhanced matrix gene expression was
observed for both human and animal OA menisci6,43, though the
enhancement might be more intense and more comprehensive in
humans.
Results of histological and molecular biological analyses
revealed another difference between human and animal menisci. In
animals, structural and functional heterogeneity within menisci
has been reported repeatedly by many investigators: the inner
areas are more like hyaline cartilage, while the outer areas have
characteristics of ﬁbrocartilage8e11,17e19. Differences between
surface and central regions have been reported4,17, and these were
our rationale to evaluate gene expression in respective regions of
menisci. However, such regional differences were not obvious in
human menisci. Also, although reported with rabbit menisci44, the
difference in cell metabolism between medial and lateral menisci
was not observed in human. These discrepancies between humanand animal menisci should be kept in mind when meniscus
pathology is studied in animal experiments.
The results of ultrastructural and biomechanical evaluations
delineated the difference of matrix between lateral and medial OA
menisci. This difference could be partly ascribed to the difference in
type III procollagen expression. During ﬁbril formation, type III
procollagen is known to bind to type I collagen molecules and
inhibit their lateral assembly45. The expression of type III pro-
collagenwas more promoted in OAmedial menisci, and we assume
that it could account for the appearance of thin collagen ﬁbrils in
those menisci. Of course, the change of meniscal matrix is not so
simple, and other factors are likely involved in the process. For
example, given that all OA medial menisci were severely degen-
erated in the body segment, the loss of structural integrity could be
related to the change. Again, since catabolism is more promoted in
the involved side of the knee, it might explain the change of matrix
in the medial menisci. During the long course of disease progres-
sion, these factors could haveworked together to alter thematrix in
medial menisci.
Although we have identiﬁed several unique features of the
changes in menisci with OA, this study has several limitations as
well. First, since all menisci were obtained from aged donors, the
results could be biased by age-related changes. We assume that this
might explain, at least partly, the observed difference between
human and animal menisci. If menisci from younger donors have
been analyzed, that difference might not be so obvious as we
observed in this study. Second, in this work, the analyses were
performed mostly on the anterior horn segments of menisci, and
the changes in the other parts of menisci were not investigated.
Y. Katsuragawa et al. / Osteoarthritis and Cartilage 18 (2010) 1133e11431142Thus, the difference among the three segments of menisci is not
known, nor are the changes in the degenerated regions of OA
menisci. Third, the analyses on OAmenisci were done only on those
from end-stage OA knees, and the menisci from early stage OA
knees were not investigated. Fourth, although the involvement of
IGF-1 has been suggested, the entire mechanism(s) for enhanced
matrix gene expression in OA menisci has not been determined.
Lastly, as stated earlier, the mechanism(s) for dissociation between
enhanced matrix gene expression and modest increase in collagen
synthesis has not been identiﬁed. Those points should be clariﬁed
by future studies.
As mentioned before, menisci are essential components of
a knee joint. Clinically, it is well recognized that meniscus
pathology is closely linked to the development and progression of
knee OA14,15,46. Therefore, to understand the pathology of knee OA,
it is essential to dissect the change of menisci in OA. Althoughmany
questions are left unanswered, we believe that the results of this
study would provide some novel information on this issue.
Author contributions
Katsuragawa and Fukui had full access to all of the data in the
study and take responsibility for the integrity of the data and the
accuracy of the data analyses.
Conception and design. Katsuragawa and Fukui.
Analysis and interpretation of data. Katsuragawa, Furukawa,
Yagishita, Mitomi and Fukui.
Drafting of the article. Katsuragawa and Fukui.
Critical revision of the article. Suzuki and Tohma.
Provision of study materials. Katsuragawa and Sawabe.
Technical support. Saitoh, Tanaka, Wake, Ikeda and Ishiyama.
Conﬂict of interest
The authors have no conﬂict of interest to disclose with regard to
the subject matter of this present manuscript.
Acknowledgments
This study was supported by a Grant-in-Aid from the Japan
Foundation for the Promotion of International Medical Research
Cooperation to YK, and Grants-in-Aid from the Japan Society for the
Promotion of Science (Grants 15390467 and 18390424) to NF.
References
1. Guccione AA, Felson DT, Anderson JJ, Anthony JM, Zhang Y,
Wilson PW, et al. The effects of speciﬁc medical conditions on
the functional limitations of elders in the Framingham Study.
Am J Public Health 1994;84:351e8.
2. Noble J, Hamblen DL. The pathology of the degenerate
meniscus lesion. J Bone Joint Surg Br 1975;57:180e6.
3. Cheung HS. Distribution of type I, II, III and V in the pepsin
solubilized collagens in bovine menisci. Connect Tissue Res
1987;16:343e56.
4. Eyre DR, Wu JJ. Collagen of ﬁbrocartilage: a distinctive
molecular phenotype in bovine meniscus. FEBS Lett 1983;158:
265e70.
5. Hellio Le Graverand MP, Vignon E, Otterness IG, Hart DA. Early
changes in lapine menisci during osteoarthritis development:
Part I: cellular and matrix alterations. Osteoarthritis Cartilage
2001;9:56e64.
6. Hellio Le Graverand MP, Vignon E, Otterness IG, Hart DA. Early
changes in lapine menisci during osteoarthritis development:
Part II: molecular alterations. Osteoarthritis Cartilage 2001;9:
65e72.7. Herwig J, Egner E, Buddecke E. Chemical changes of human
knee joint menisci in various stages of degeneration. Ann
Rheum Dis 1984;43:635e40.
8. Kambic HE, McDevitt CA. Spatial organization of types I and II
collagen in the canine meniscus. J Orthop Res 2005;23:142e9.
9. Nakano T, Dodd CM, Scott PG. Glycosaminoglycans and
proteoglycans from different zones of the porcine knee
meniscus. J Orthop Res 1997;15:213e20.
10. Scott PG, Nakano T, Dodd CM. Isolation and characterization of
small proteoglycans from different zones of the porcine knee
meniscus. Biochim Biophys Acta 1997;1336:254e62.
11. Valiyaveettil M, Mort JS, McDevitt CA. The concentration, gene
expression, and spatial distribution of aggrecan in canine
articular cartilage, meniscus, and anterior and posterior
cruciate ligaments: a new molecular distinction between
hyaline cartilage and ﬁbrocartilage in the knee joint. Connect
Tissue Res 2005;46:83e91.
12. Wojtys EM, Chan DB. Meniscus structure and function. Instr
Course Lect 2005;54:323e30.
13. Gale DR, Chaisson CE, Totterman SM, Schwartz RK, Gale ME,
Felson D. Meniscal subluxation: association with osteoarthritis
and joint space narrowing. Osteoarthritis Cartilage 1999;7:
526e32.
14. Berthiaume MJ, Raynauld JP, Martel-Pelletier J, Labonte F,
Beaudoin G, Bloch DA, et al. Meniscal tear and extrusion are
strongly associated with progression of symptomatic knee
osteoarthritis as assessed by quantitative magnetic resonance
imaging. Ann Rheum Dis 2005;64:556e63.
15. Hunter DJ, Zhang YQ, Niu JB, Tu X, Amin S, Clancy M, et al. The
association of meniscal pathologic changes with cartilage loss
in symptomatic knee osteoarthritis. Arthritis Rheum 2006;54:
795e801.
16. Petersen W, Tillmann B. Collagenous ﬁbril texture of the
human knee joint menisci. Anat Embryol (Berl) 1998;197:
317e24.
17. Kavanagh E, Ashhurst DE. Distribution of biglycan and decorin
in collateral and cruciate ligaments and menisci of the rabbit
knee joint. J Histochem Cytochem 2001;49:877e85.
18. Spindler KP, Miller RR, Andrish JT, McDevitt CA. Comparison of
collagen synthesis in the peripheral and central region of the
canine meniscus. Clin Orthop Relat Res 1994;256e63.
19. Upton ML, Hennerbichler A, Fermor B, Guilak F, Weinberg JB,
Setton LA. Biaxial strain effects on cells from the inner and
outer regions of the meniscus. Connect Tissue Res 2006;47:
207e14.
20. Altman R, Asch E, Bloch D, Bole G, Borenstein D, Brandt K, et al.
Development of criteria for the classiﬁcation and reporting of
osteoarthritis. Classiﬁcation of osteoarthritis of the knee.
Diagnostic and Therapeutic Criteria Committee of the
American Rheumatism Association. Arthritis Rheum 1986;
29:1039e49.
21. Fukui N, Miyamoto Y, Nakajima M, Ikeda Y, Hikita A,
Furukawa H, et al. Zonal gene expression of chondrocytes in
osteoarthritic cartilage. Arthritis Rheum 2008;58:3843e53.
22. Tashiro T, Hiraoka H, Ikeda Y, Ohnuki T, Suzuki R, Ochi T, et al.
Effect of GDF-5 on ligament healing. J Orthop Res 2006;24:71e9.
23. Joshi MD, Suh JK, Marui T, Woo SL. Interspecies variation
of compressive biomechanical properties of the meniscus.
J Biomed Mater Res 1995;29:823e8.
24. Mow VC, Kuei SC, Lai WM, Armstrong CG. Biphasic creep and
stress relaxation of articular cartilage in compression? Theory
and experiments. J Biomech Eng 1980;102:73e84.
25. Ingman AM, Ghosh P, Taylor TK. Variation of collagenous and
non-collagenous proteins of human knee joint menisci with
age and degeneration. Gerontologia 1974;20:212e23.
Y. Katsuragawa et al. / Osteoarthritis and Cartilage 18 (2010) 1133e1143 114326. Ghosh P, Ingman AM, Taylor TK. Variations in collagen,
non-collagenous proteins, and hexosamine in menisci derived
from osteoarthritic and rheumatoid arthritic knee joints.
J Rheumatol 1975;2:100e7.
27. Bullough PG, Munuera L, Murphy J, Weinstein AM. The
strength of the menisci of the knee as it relates to their ﬁne
structure. J Bone Joint Surg Br 1970;52:564e7.
28. Liu SH, Yang RS, al-Shaikh R, Lane JM. Collagen in tendon,
ligament, and bone healing. A current review. Clin Orthop
Relat Res 1995;265e78.
29. Bullard KM, Longaker MT, Lorenz HP. Fetal wound healing:
current biology. World J Surg 2003;27:54e61.
30. Pangborn CA, Athanasiou KA. Growth factors and ﬁbrochon-
drocytes in scaffolds. J Orthop Res 2005;23:1184e90.
31. Tumia NS, Johnstone AJ. Regional regenerative potential of
meniscal cartilage exposed to recombinant insulin-like growth
factor-I in vitro. J Bone Joint Surg Br 2004;86:1077e81.
32. Imler SM, Doshi AN, LevenstonME. Combined effects of growth
factors and staticmechanical compression onmeniscus explant
biosynthesis. Osteoarthritis Cartilage 2004;12:736e44.
33. McNulty AL, Guilak F. Integrative repair of the meniscus:
lessons from in vitro studies. Biorheology 2008;45:487e500.
34. Gunther M, Haubeck HD, van de Leur E, Blaser J, Bender S,
Gutgemann I, et al. Transforming growth factor beta 1 regu-
lates tissue inhibitor of metalloproteinases-1 expression in
differentiated human articular chondrocytes. Arthritis Rheum
1994;37:395e405.
35. Qureshi HY, Sylvester J, El Mabrouk M, Zafarullah M. TGF-beta-
induced expression of tissue inhibitor of metalloproteinases-3
gene in chondrocytes is mediated by extracellular signal-
regulated kinase pathway and Sp1 transcription factor. J Cell
Physiol 2005;203:345e52.
36. Edwards DR, Murphy G, Reynolds JJ, Whitham SE, Docherty AJ,
Angel P, et al. Transforming growth factor beta modulates the
expression of collagenase and metalloproteinase inhibitor.
EMBO J 1987;6:1899e904.37. Overall CM, Wrana JL, Sodek J. Independent regulation of
collagenase, 72-kDa progelatinase, and metalloendoproteinase
inhibitor expression in human ﬁbroblasts by transforming
growth factor-beta. J Biol Chem 1989;264:1860e9.
38. Canty EG, Kadler KE. Procollagen trafﬁcking, processing and
ﬁbrillogenesis. J Cell Sci 2005;118:1341e53.
39. Lamande SR, Bateman JF. Procollagen folding and assembly:
the role of endoplasmic reticulum enzymes and molecular
chaperones. Semin Cell Dev Biol 1999;10:455e64.
40. Prockop DJ, Sieron AL, Li SW. Procollagen N-proteinase and
procollagen C-proteinase. Two unusual metalloproteinases
that are essential for procollagen processing probably have
important roles in development and cell signaling. Matrix Biol
1998;16:399e408.
41. Myllyharju J, Kivirikko KI. Collagens and collagen-related
diseases. Ann Med 2001;33:7e21.
42. Kagan HM, Li W. Lysyl oxidase: properties, speciﬁcity, and
biological roles inside and outside of the cell. J Cell Biochem
2003;88:660e72.
43. Wildey GM, Billetz AC, Matyas JR, Adams ME, McDevitt CA.
Absolute concentrations of mRNA for type I and type VI
collagen in the canine meniscus in normal and ACL-deﬁcient
knee joints obtained by RNase protection assay. J Orthop Res
2001;19:650e8.
44. Hellio Le Graverand MP, Reno C, Hart DA. Gene expression in
menisci from the knees of skeletally immature and mature
female rabbits. J Orthop Res 1999;17:738e44.
45. Romanic AM, Adachi E, Kadler KE, Hojima Y, Prockop DJ.
Copolymerization of pNcollagen III and collagen I. pNcollagen
III decreases the rate of incorporation of collagen I into ﬁbrils,
the amount of collagen I incorporated, and the diameter of the
ﬁbrils formed. J Biol Chem 1991;266:12703e9.
46. Englund M, Roos EM, Lohmander LS. Impact of type of
meniscal tear on radiographic and symptomatic knee osteo-
arthritis: a sixteen-year followup of meniscectomy with
matched controls. Arthritis Rheum 2003;48:2178e87.
